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Edited by Gunnar von Heijne and Anders LiljasAbstract Clamp loaders are heteropentameric ATPase assem-
blies that load sliding clamps onto DNA and are critical for pro-
cessive DNA replication. The DNA targets for clamp loading are
double-stranded/single-stranded junctions with recessed 3 0 ends
(primer-template junctions). Here, we brieﬂy review the crystal
structures of clamp loader complexes and the insights they have
provided into the mechanism of the clamp loading process.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Sliding DNA clamps are ring-shaped proteins that encircle
DNA, thereby providing a mobile platform that anchors
DNA polymerases to their templates during high speed chro-
mosomal replication [1,2]. The sliding clamps allow DNA
polymerases to meet a unique challenge posed by DNA repli-
cation, which arises from the need to replicate both strands of
the DNA duplex simultaneously. Due to the antiparallel nat-
ure of the DNA double helix, only one strand (the leading
strand) can be synthesized in a continuous fashion by the uni-
directional DNA polymerases [3]. The strand that runs in the
opposite direction (the lagging strand) is replicated by the dis-
continuous synthesis of many kilobase-sized pieces, known as
Okazaki fragments. The rapid and coordinated synthesis of the
leading and lagging strands requires that the DNA polyme-
rases detach periodically from each completed Okazaki frag-
ment and rebind to the next primed site for the reinitiation
of DNA synthesis. Sliding clamps are placed at primed sites
on the lagging strand before the polymerase has detached from
the previous fragment, thereby allowing an eﬃcient transfer of
the polymerase from a completed Okazaki fragment to the
start site of the next one. Reliance on a separate processivity
factor also makes the DNA polymerases easier to regulate,
since the blockage of sliding clamps by regulatory proteins is
an eﬀective way of stopping replication.
Sliding clamps require active placement on DNA for rapid
DNA synthesis. This task is carried out by ATP-dependent*Corresponding author.
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clamp transiently so as to allow placement on DNA (Fig. 1;
[4]). The interaction between clamp loader and clamp takes
place only when the loader is bound to ATP [5]. The recogni-
tion by the clamp loader–clamp complex of properly primed
DNA – a single-stranded/double-stranded DNA junction with
a recessed 3 0 end – stimulates the ATPase activity of the clamp
loader, resulting in ATP hydrolysis and the release of the slid-
ing clamp on DNA [4,6]. The ability of the clamp loader to
bind preferentially to duplex DNA with recessed 3 0 ends,
rather than 5 0 ends, results in the clamp being loaded on
DNA with the proper orientation, thereby allowing the poly-
merase to immediately begin synthesis upon attachment to
the clamp. Clamp loaders may therefore be thought of as sen-
sors for particular DNA structures, whose activity is intimately
coupled to the structural features speciﬁc to single-stranded/
double-stranded junctions. Here, we review some recent data
regarding clamp loader structure and comment on the implica-
tions of these results for DNA binding by clamp loaders.2. Clamp loader architecture
Clamp loaders are ﬁve-subunit assemblies, with each subunit
possessing a two domain ATP-binding module followed by a
helical domain that is unique to clamp loader architecture
(Fig. 2; [7–9]). The clamp loader assembly is held together by
a circular collar formed by the C-terminal helical domains
and the ATPase modules are connected to the collar by ﬂexible
linkages. This organization of the clamp loader allows the
ATPase domains to alter their relative orientations and inter-
facial interactions as a function of ATP binding and hydrolysis
without disrupting the integrity of the assembly.
The two-domain ATP-binding modules have sequence and
structural motifs that identify them as members of the exten-
sive AAA+ superfamily, and the structure of the d 0 subunit
of the Escherichia coli clamp loader provided the ﬁrst view
of the chain fold that is characteristic of the AAA+ ATPases
[7,10]. The AAA+ superfamily is an extension of the AAA
family (which stands for ATPases associated with various cel-
lular activities) and encompasses a functionally divergent
group of multimeric ATPases that are involved in many as-
pects of cellular metabolism and signaling [10,11]. As in more
distantly related multimeric ATPases such as F1ATPase and
RecA, the ATPase modules in AAA+ ATPases are organizedblished by Elsevier B.V. All rights reserved.
Fig. 1. The clamp loading cycle. ATP binding to the clamp loader
allows a tight complex to form between clamp loader and sliding
clamp. In the ATP-bound state, the clamp loader has a high aﬃnity for
primer-template junctions with recessed 3 0 ends. Binding to these
junctions stimulates ATP hydrolysis and release of clamp and DNA,
leaving the clamp encircled around DNA and properly oriented for use
by DNA polymerase.
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between subunits. This organization clearly suggests a direct
coupling between global conformational changes and the bind-
ing, hydrolysis and release of nucleotide [12,13]. Little is under-
stood at present about the mechanism by which local changes
in and around the nucleotide binding sites are connected to
such domain motions.
Biochemical and structural information for the clamp load-
ers has accumulated recently at a rapid pace. In addition to
crystallographic studies of isolated clamp loader subunits
[7,8,14,15], the structures of two intact clamp loader assemblies
have been determined, giving us views of functional forms of
bacterial and eukaryotic clamp loader complexes [9,16].
The primary distinction between the structures of the bacte-
rial and eukaryotic clamp loaders is the manner in which the
AAA+ modules are arranged (Fig. 2; we refer to the position
of each of the ﬁve subunits in the clamp loader assembly by
the letters A–E). The structure of the E. coli clamp loader, or
c-complex, was determined in the absence of nucleotide, and
this form of the complex does not interact with DNA or the
sliding clamp. The E. coli clamp loader complex contains three
functional ATP binding sites (the other two subunits have
degenerate ATP binding sites) and, consistent with the inactive
state of the complex, all three nucleotide binding sites in the
structure are suboptimally organized for ATP binding. The
structure of the E. coli clamp loader complex is markedly asym-
metric, with two of the nucleotide binding sites being exces-
sively open and the third one inaccessible to ATP due to a
tight juxtaposition of subunits at the C/D interface (Fig. 2).
The structure of the yeast clamp loader, replication factor C
(RFC), has been determined in complex with the ATP analog,
ATPcS, and the PCNA clamp, and displays a signiﬁcantly dif-
ferent organization. At each of the interfacial nucleotide bind-
ing sites in the RFC complex, ATPcS is tightly coordinated
between the two adjacent AAA+ modules. In contrast to the
asymmetric structure of the E. coli clamp loader, the AAA+
modules of the RFC assembly are arranged in a relatively sym-
metric fashion, with each interfacial interaction resembling the
others in general terms. Although the resolution of this struc-
ture (2.85 A˚) precludes a detailed analysis, the tight coordina-
tion of the ATP analogs suggests that the clamp loader may be
close to a catalytically active conﬁguration.3. A structural model for primer-template recognition
Although determined in the absence of DNA, the structure
of the RFC:PCNA complex has unexpectedly provided a
straightforward explanation for how recognition of properly
oriented primer-template DNA is achieved. The ﬁve ATPase
domains of the RFC clamp loader, fully loaded with ATPcS
and bound to the PCNA clamp, are arranged in a spiral
assembly that complements the characteristics of primer-tem-
plate DNA in several respects (Fig. 3). The ﬁve AAA+ mod-
ules are related by a set of similar screw operations that,
when taken together, closely match the pitch of double helical
DNA. The AAA+ modules also deﬁne a large chamber on the
underside of the clamp loader and this chamber physically
matches the width of duplex DNA. Since all ﬁve ATPase do-
mains are arranged nearly symmetrically about a central axis,
each domain presents a similar set of elements towards the in-
ner chamber.
Placing a model of double-stranded DNA along the screw
axis that relates the AAA+ modules to each other reveals an
interesting correlation: the close match between duplex DNA
and the spiraling of the clamp loader subunits places each
AAA+ module in a very similar orientation with respect to
the DNA backbone. If one then rotates the modeled DNA
such that the minor groove aligns with the clamp-interacting
(a4) and central (a5) helices of the ﬁrst subunit (see Figs. 2
and 3 for the notation used), the same pair of helices in the
other four subunits is oriented similarly towards the minor
groove. As a result, the phosphate backbone of the double he-
lix is tracked closely by the AAA+ modules. The N-terminal
ends of the a4 and a5 helices in each subunit point towards
the inner chamber, and the helix dipole of each helix is oriented
appropriately for favorable interactions with DNA. In addi-
tion, the loops adjoining these helices present several residues
that are highly conserved in clamp loader sequences.
The N-terminal domains of the AAA+ modules (domain I)
are similar in structure to the ATPase domain of RecA. RecA-
like domains are found in a number of proteins involved in
DNA or RNA binding, and several of these – including RecA,
the DnaB-type helicase of T7 bacteriophage, and the Rho tran-
scription terminator – form ring or spiral-like structures, with
DNA or RNA predicted to pass through the center and inter-
act with a similar set of elements lining the inner surface of the
assembly [17–19]. The RecA-like domains of the clamp loader
are organized in a manner that bears some general resemblance
to the organization of other RecA-like proteins, although the
precise geometrical details of the assemblies diﬀer signiﬁcantly
in each case. One important diﬀerence between clamp loaders
and these other RecA-like assemblies is that the central DNA-
interacting chamber is blocked at one end in the clamp loaders
by the helical collar.
The central cavity of clamp loaders does not appear to be de-
signed to allow passage of duplex DNA, but instead resembles
a ‘‘screw-cap’’ that can only screw onto one turn of DNA be-
fore further continuation of the double helix is blocked. An-
other distinctive feature of the clamp loader assembly is the
prominent gap between the A and E subunits.
In contrast to most AAA+ ATPases, which have six sub-
units, all well characterized clamp loaders have only ﬁve.
The missing sixth subunit causes a gap in the assembly between
the start and end of the spiral, leading to a notch in the screw-
cap. Such a notched screw-cap structure seems to provide
Fig. 2. Clamp loader structure. Three representations of the E. coli clamp loader (c complex – panels A, C, and E) and the S. cerevisiae clamp loader
(replication factor C, RFC – panels B, D, and F). The ﬁve subunits of each clamp loader complex are denoted by the letters A–E, with analogous
subunits indicated by matching colors. (A and B) Side views of the clamp loader assemblies, with the helical collar (gray) at the top of the ﬁgure and
the gap between subunits A and E facing the viewer. (C and D) Views from the clamp-interacting face of the clamp loaders (note that for D, the
PCNA clamp is not shown). (E and F) Schematic representations of panels C and D, illustrating the distinct organizations of AAA+ modules
(domain I + domain II) in the two structures.
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recognizes the junction between single- and double-stranded
DNA speciﬁcally because it oﬀers an exit pathway for one
strand of DNA (Fig. 3).
There are several indications suggesting that the inner sur-
face of the clamp loader pocket may primarily interact with
the minor groove. Clamp loaders recognize the speciﬁcDNA topology of a primer-template junction in an essen-
tially sequence-independent manner [6], and non-speciﬁc
DNA binding proteins typically interact more extensively
with the minor groove as it provides a more chemically uni-
form target [20]. In addition, the physical shape of the
clamp loader does not present any signiﬁcant protrusions
that appear suitable for extensive major groove interactions,
Fig. 3. Models for DNA binding and clamp opening. (A) Top-down view of the RFC:PCNA complex, with duplex DNA modeled in the central
RFC pocket. In this view, a snug ﬁt between the AAA+ domains and DNA is evident, with the duplex easily passing through the central pore of the
PCNA clamp. This modeling places the end of the template strand (5 0 end) at the gap between subunits A and E, and the recessed, 3 0 end of the
primer buried in the chamber. (B) A side, cut-away view of the RFC:PCNA complex with a modeled DNA duplex. The a4 and a5 helices of each
AAA+ module (yellow) track the minor groove of the modeled DNA and the collar (gray) blocks extension of the double helix, yielding a screw-cap
structure that appears poised to recognize the ﬁnal turn of double helical DNA. (C) Schematic representation of the ﬁve AAA+ modules tracking the
minor groove of DNA along a spiral path. (D and E) Hypothetical model for the changes in AAA+ module organization when the clamp loader
binds to open (D) and closed (E) sliding clamps.
866 G.D. Bowman et al. / FEBS Letters 579 (2005) 863–867but instead appears poised to wrap around a single turn of
the duplex.
It is important for clamp loaders to be able to distinguish be-
tween the two types of single-stranded/double-stranded junc-
tions, as only those with recessed 3 0 ends can be extended by
DNA polymerases. Alignment of the minor groove of duplex
DNA with helices a4 and a5 of the RecA-like domain places
the 3 0 terminus (the primer strand) in a buried position deep
within the internal chamber of the clamp loader, whereas the
5 0 end, which is the template strand, is presented with an es-
cape route between the ﬁrst (RFC-A) and last (RFC-E) sub-
units of the spiral (Fig. 3).
While it is clear that clamp loaders involved in DNA repli-
cation are speciﬁc for junctions with recessed 3 0 ends, recent
work has identiﬁed a number of alternative clamp loader com-
plexes, one of which displays speciﬁcity for recessed 5 0 ends
[21]. For this alternative clamp loader, called Rad-RFC or
RSR, a Rad protein (Rad17 in humans, Rad24 in Saccharomyces
cerevisiae) replaces the large subunit (RFC-A) and makes a
stable complex with the other four RFC subunits. The Rad-
RFC complex is involved in sensing and responding to DNA
damage [22], and the recognition of a 5 0 junction has been sug-
gested to be important in binding to damaged sites that have
been processed for repair [21].
Since four of the ﬁve subunits are common to replicative and
alternative clamp loaders, the speciﬁcity for distinct DNA
structures must somehow lie in the unique subunits. It is pos-sible that the Rad subunit somehow shifts the register of recog-
nition for duplex DNA, which would favor the exiting of a 3 0
instead of a 5 0 extension from the assembly. For now, the de-
tails of such a mechanism await further structural investiga-
tions, though it is likely that a structure of either the
replicative or alternative clamp loaders bound to DNA will re-
veal key insights regarding these DNA junctions.4. Opening the DNA sliding clamp
How does the clamp loader open the clamp? As was revealed
through the structural analysis of E. coli sliding clamp (b)
bound to an isolated clamp loader subunit (d), the sliding
clamp, at least in the case of E. coli, displays an intrinsic
‘‘spring-loaded’’ property such that disruption of one of the
intersubunit interfaces allows the clamp to relax into a horse-
shoe-like shape [14,23]. What still remain unclear, however, are
the structural changes in the entire clamp loader assembly that
are required for an interaction with the opened clamp. By com-
paring the ATP-dependent conformation of the yeast clamp
loader with other AAA+ ATPases such as NSF, some general
speculations can be made.
It has been demonstrated that the stable association of
clamp with clamp loader is ATP-dependent, and that hydroly-
sis to ADP results in a rapid release of the clamp from the
clamp loader [4,5]. A direct coupling must therefore exist be-
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surate with an opened clamp. The AAA+ modules of NSF,
like those of most other AAA+ ATPase assemblies, are ar-
ranged in a ﬂat, disk-like organization, with nucleotide bound
at each of the intersubunit interfaces. These interfaces between
AAA+ modules, although less extensive than those of the spir-
al conformation of the yeast clamp loader, are coupled to the
presence of interfacially bound nucleotide. The structure of
NSF and that of related AAA+ assemblies such as p97, there-
fore, provide an alternative ATP-dependent organization that
might potentially be available to clamp loader assemblies.
With fewer contacts to the interfacial nucleotide, it is possible
that such an ATP-dependent state would not be competent for
hydrolysis. This is what we expect for the clamp-bound state of
the clamp loader, as clamp binding alone does not fully stim-
ulate the ATPase activity of the loader (Fig. 3D and E).
The structure of a clamp loader bound to an open clamp
would provide the much needed information to complete our
understanding of the ATP-dependent organization of AAA+
modules. In the future, ﬁlling in this key stage of the clamp load-
ing cycle will allow us to more fully understand the structural
pathway between the inactive, nucleotide-free and hydrolysis-
competent, DNA bound states of the clamp loader assembly,
and may also suggest some general structural transitions com-
mon to the superfamily of AAA+ ATPases assemblies.
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